Dendritic protrusions (spines and filopodia) are structural indicators of synapses that have been linked to neuronal learning and memory through their morphological alterations induced by development and experienced-dependent activities. Although previous studies have demonstrated that depriving sensory experience leads to structural changes in neocortical organization, the more subtle effects on dendritic protrusions remain unclear, mostly due to focus on only one specific cell type and/or age of manipulation. Here, we show that sensory deprivation induced by whisker trimming influences the dendritic protrusions of basilar dendrites located in thalamocortical recipient lamina (IV and VI) of the mouse barrel cortex in a layer-specific manner. Following 1 month of whisker trimming after birth, the density of dendritic protrusions increased in layer IV, but decreased in layer VI. Whisker regrowth for 1 month returned protrusion densities to comparable level of age-matched controls in layer VI, but not in layer IV. In adults, chronic sensory deprivation led to an increase in protrusion densities in layer IV, but not in layer VI. In addition, chronic pharmacological blockade of N-methyl-D-aspartate receptors (NMDARs) increased protrusion density in both layers IV and VI, which returned to the control level after 1 month of drug withdrawal. Our data reveal that different cortical layers respond to chronic sensory deprivation in different ways, with more pronounced effects during developmental critical periods than adulthood. We also show that chronically blocking NMDARs activity during developmental critical period also influences the protrusion density and morphology in the cerebral cortex.
Introduction
How sensory experience can influence the development of neural circuitry is a fundamental question of modern neurobiology. Studies have described the circuitry and development of the whisker-to-barrel pathway with emphasis on the intra/ intercellular mechanisms that govern activity-dependent synaptic plasticity as a result of changes in sensory experience (for reviews see Feldman and Brecht 2005; Fox and Wong 2005; Holtmaat and Svoboda 2009; Fu and Zuo 2011) . Large-scale reorganization of the barrel cortex was first described by Van der Loos and Woolsey (1973) , demonstrating that the formation of barrel cortex topographic pattern was dramatically disrupted when vibrissae follicles were ablated after birth. However, once the animals matured past a critical developmental period, the same follicle ablations no longer affected barrel pattern formation (Weller and Johnson 1975; Woolsey and Wann 1975) . Moreover, depriving sensory experience after birth, in addition to altering whisker-related behavior (Carvell and Simons 1996) also affects the physiological properties of barrel cortical neurons (Simons and Land 1987; Lee et al. 2007; Popescu and Ebner 2010) , resulting in alteration of the size of their receptive field, as well as the strength of their responses to whisker deflections (Keller and Carlson 1999; Knott et al. 2002; Barrera et al. 2013) .
A body of research has pinpointed the structural basis of the observed behavioral and physiological alterations that result from sensory deprivation (Zuo, Yang, et al. 2005; McRae et al. 2007; Chen, Tam, et al. 2012 , also see Feldman and Brecht 2005) . More recently, there has been focus on even more subtle aspects, such as the impact of sensory experience on morphological development of dendritic arborizations and spines (Zuo, Yang, et al. 2005; Briner et al. 2010; Chen, Tam, et al. 2012) , which are the predominant locations of excitatory inputs onto pyramidal neurons (Harris and Kater 1994; Segal 2005; Harms and Dunaevsky 2007) . Dendritic spines and filopodia are highly motile structures (Lendvai et al. 2000; Oray et al. 2004; CruzMartin et al. 2010) , and it has been shown that depriving animals of sensory experience during development influences spine elimination and motility in areas such as the primary somatosensory and visual cortices (Oray et al. 2004; Zuo, Yang, et al. 2005) . Although these studies have found that experiencedependent changes can induce dendritic and spine plasticity in superficial layers of the cortex, its full effect(s) on the principal thalamocortical recipient layers (layers IV and VI), remains largely undiscovered, especially regarding detailed quantitative analyses on spine morphological alterations.
In this study, we investigated the development of dendritic protrusions (spines and filopodia) in pyramidal neurons located in the main thalamocortical recipient layers of mouse primary somatosensory cortex. We first describe the normal maturational profile of dendritic spines and filopodia (morphology and density) in the barrel cortex, followed by description of the disrupted pattern of these parameters due to peripheral manipulations of sensory experience. In addition, we restored the sensory experience to test if recovery of tactile sensation after early postnatal development can ameliorate the impacts of sensory deprivation. We report that chronic sensory deprivation affectss dendritic protrusions in a profound way, and restoring sensory experience provides partial recovery of dendritic spine density, depending on the cortical layer.
Materials and Methods

Animals and Experimental Groups
The selection and treatment of experimental animals were followed as previously described (McRae et al. 2007 ; Chen, Tam, et al. 2012 ) and in accordance with the Queens College, CUNY Institutional Animal Care and Use Committee ( protocol #100) and NIH guidelines for the humane treatment of animals. CD-1 male and female mice obtained from pregnant mothers ( purchased from Charles River Laboratories) were kept in standard laboratory housing with unlimited access to food and water. For the developmental profile portion of the study, we investigated untreated control animals at different developmental time points: Postnatal day (P) 15, 30, 60, 100, and 130 , making this a crosssectional study investigating their dendritic protrusions (also see Table 2 for numbers of animals, neurons, and dendritic protrusions per condition). These postnatal periods were chosen based on our observation that P15 is the earliest postnatal day that we see dendritic protrusions labeled consistently with our Golgi staining protocol. Additionally, we have previously characterized the effect of sensory deprivation and restoration on dendritic architecture, as well as myelin density and extracellular matrix development in P30 and P60 animals (McRae et al. 2007; Chen, Tam, et al. 2012; Barrera et al. 2013 ). P100 and P130 were chosen based on the fact that mice have reached adulthood by P100, and we wanted to utilize the same duration of sensory deprivation in adult trimmed animals as neonatal trimmed animals, thus P130 was chosen. In the sensory deprivation/restoration portion of the study, mice were randomly assigned to control, sensory deprivation (via whisker trimming, see below), or N-methyl-D-aspartate receptor (NMDAR) blockage group, a subsequent sensory restoration and a NMDAR antagonist withdrawal group. For the chronic sensory deprivation group, whiskers were unilaterally or bilaterally trimmed from P0 to P30. For the NMDAR blockage group, mice were administered MK801 twice daily from P0 to P30 in the dosage that was previously established (Zuo, Yang, et al. 2005) . For the sensory restoration group, sensory-deprived mice were allowed 30 days for their whiskers to regrow before their brains were analyzed. For the NMDAR antagonist withdrawal group, mice administered MK801 were allowed 30 days without the drug before sacrifice. The P15 group was an independent cohort, while the P30 control and P30 trim (unilateral and bilateral) were siblings housed together as were the P60 regrow and P60 control groups. The P100 group was an independent cohort and the P100-130 bilateral trim and P130 controls were siblings housed together.
Sensory Deprivation and Restoration
Each animal from a litter of CD-1 mice was arbitrarily assigned at birth to be either the control or sensory-deprived (whisker trim) condition. The animals' tails were tattooed according to the experimental condition for identification purposes. For the sensory-deprived animals, their whiskers on the mystacial pad were manually clipped by precision microscissors as close to the base of the follicle as possible every other day for the animals' first 30 postnatal days. Brief administration (∼1 min) of anesthesia (5% isoflurane, Aerrane in 100% O 2 ) was used from P14 to prevent the animals from moving during the trimming procedure. The within-litter control method was followed: all animals were exposed to the same conditions such as bedding texture, food and water source, maternal influence, anesthesia, handling, and so forth. The control animals were handled, anesthetized, and returned to the cage on the same trimming session as the sensory-deprived animals. For the animals that were selected in the sensory restoration condition, we simply stopped trimming and allowed the whiskers to grow back for 1 month after P30. We also performed an ear punch at P31 for the purpose of identifying which animals belong to the regrow condition, so we could discern these experimental animals from their control littermates at P60. For the adult sensory deprivation portion of the study, trimming commenced from when the animals reached P100 and were trimmed every other day and sacrificed at P130.
MK801 Injection and Withdraw
Previous findings have implicated the importance of glutamatergic activities in influencing the dendritic arborization as well as dendritic protrusions, particularly the NMDAR (McAllister et al. 1996; Racca et al. 2000; Zuo, Yang, et al. 2005) . To explore the role of NMDARs in the density and morphology of dendritic protrusions, we intraperitoneally injected MK801 (Sigma-Aldrich), a noncompetitive NMDAR blocker (0.25 μg g −1 body weight) twice per day (as per Zuo, Yang, et al. 2005 ), starting from the P0. As MK801 is a hypothermic inducer, the cages were kept artificially above room temperature for 1 h after administering MK801 for the purpose of reducing the mortality rate of the experimental animals. Typical mortality of MK801-injected animals during the first postnatal week is ∼80-85% without placing the pups in above room temperature conditions. Placing them 1 h in above room temperature (∼28-30°C) decreased the mortality rate to ∼50% during the first postnatal week. Similar to the sensory deprivation portion of the study, the animals' tails were tattooed according to the experimental condition for identification purposes. For the animals that were selected in the drug withdrawal condition, we stopped administering MK801 after P30. We also performed an ear punch at P31 for the purpose of identifying which animals belong to the drug-withdrawal condition, so we can discern these experimental animals from their control littermates at P60.
Golgi Impregnation and Identification of Pyramidal Neurons in Layer IV and VI in the Barrel Cortex Brains were processed with our Golgi protocol as previously described Chen, Lu, et al. 2012; Chen, Tam, et al. 2012) . In brief, after the establishment of anesthesia (0.3 mL euthasol per animal, Henry Schein, Inc.), brains were immediately removed, rinsed with double distilled water, and transferred to a Golgi-Cox solution composed of potassium dichromate, mercuric chloride, and potassium chromate that comes bundled within the FD Rapid GolgiStain™ Kit (FD Neurotechnologies, Inc.). The brains were stored at room temperature for 12-14 days in a glass bottle and transferred to a cryoprotectant solution stored at 4°C for at least another week in the dark. The brains were next rapidly frozen with dry ice and quickly embedded in Neg-50™ (ThermoFisher Scientific) and cut at 180-200 µm in the coronal plane with a freezing cryostat. This section thickness was chosen by test-and-trial basis for optimized optical clarity of dendrites and dendritic protrusions while simultaneously preserving the integrity of neuronal morphology. Sections were transferred onto triplecoated gelatin-dipped slides and allowed to air-dry at room temperature in the dark for ∼4-5 days. Following drying, sections were rehydrated with double distilled water, reacted in a developing solution (FD Neurotechnologies, Rapid Golgi Stain Kit), and dehydrated with 50%, 75%, 95%, and 100% ethanol (in double distilled H 2 O), respectively. Finally, sections were defatted in xylene-substitute (SafeClearII, ThermoFisher Scientific) and cover-slipped using Permount (ThermoFisher Scientific). Golgi staining was chosen as it is a standard method to investigate the qualitative and morphometric properties of neurons in the cerebral cortex (Lorente de Nó 1949; Woolsey and Wann 1975; White 1978; Harris and Woolsey 1981; Lund and Wu 1997; Prieto and Winer 1999; Furtak et al. 2007; Chen et al. 2009; Chen, Tam, et al. 2012; Chen, Lu, et al. 2012) , and was well suited to our needs to fully label a subset of neurons in the barrel cortex.
In order to accurately identify the barrel cortex, the characteristic cluster of cells found in granular and supragranular layers were observed (see Chen et al. 2009; Chen, Lu, et al. 2012; Chen, Tam, et al. 2012) and then matched with an atlas of a Golgi-stained mouse brain (Valverde 1998) . The anterior limit of the barrel cortex was identified by the appearance of the anterior commissure, and the posterior limit of barrel cortex was identified by the separation of corpus callosum at the longitudinal fissure. Golgi-stained pyramidal neurons in layers IV and VI were identified on opposite borders of the large pyramidal neurons characteristic of layer V. Layer VI was defined as previously described, in which layer VIa borders the large pyramidal neurons in layer V, and layer VIb is immediately superior and lateral to the white matter ). Pyramidal neurons in layer IV are distinguished from layer Va pyramidal neurons by observing that their apical dendrites do not extend to the pia mater, and by the co-occurrence of spiny stellate cells in the same layer.
Neuron Selections and Spine Classification
Imaging of neurons and their respective dendritic protrusions (basilar dendrites of pyramidal neurons those somata located in layers IV and VI, respectively) was accomplished with the Neurolucida 8.0 system (MBF Bioscience, Inc.) and an Olympus Bx51 microscope equipped with a high-resolution digital camera (Optronics Microfire), a mechanical stage (Ludl, Thornwood, NY), and an x-y-z-axes encoder connected to a dedicated Windows XP Pentium 4 PC. Neurons were initially imaged under ×4 (0.1 Numerical Aperture [NA]), ×10 (0.25 NA), and ×20 (0.8 NA) magnifications showing layers IV and VI (Fig. 1A,B) , with the selection of candidate pyramidal neurons for future reconstruction and dendritic protrusion analyses, for the purpose of tracking somatic and dendritic locations. Owing to the absence of a definitive spiny stellate cell homolog in layer VI, we chose to focus only on layer IV and VI pyramidal neurons to obtain a fair cell-type comparison across these 2 thalamocortical recipient layers.
Under ×60 objective (oil immersion, 1.42 NA), pyramidal cells were further examined for uncut basilar dendrites of sufficient length (>100 µm) and tapered to a point, characteristics of uncut dendrites. Finally, under ×100 objective (oil immersion, 1.4 NA), dendrites were examined to ensure that its dendritic protrusions had been thoroughly labeled with the Golgi solution to reveal their distinct morphologies (see Fig. 1C ). The experimenter reconstructed the soma and basilar dendrites, and then moved on to classifying the dendritic protrusions into several major morphological categories (see Fig. 1D , adapted from a classification scheme developed by William Greenough, see Comery et al. 1997; Irwin et al. 2000) by labeling each type of dendritic protrusions with a different marker (Neurolucida 8.0 version). We operationally defined filopodia with protrusion length of ≥1 µm with no distinguishable bulbous head, and stubby spines as being <1 µm. Mushroom and lollipop spines were discriminated by the width of their spine heads; mushroom spines displays much wider spine head, generally ∼1 µm, while lollipop spine heads are considerably smaller. Our categorical observations were confirmed by quantifying their length using the spine category measurement function in Neurolucida (see Fig. 1E ). Approximately 15-18 neurons per layer in each condition were chosen for reconstruction and categorical analyses of dendrites and their respective dendritic protrusions. Only the basilar dendrites that are longer than 100 µm and run parallel to the pia/white matter were selected for the quantification of protrusions; this is to control the specificity of lamina location (i.e., apical dendritic segments often traverse outside of the cortical layer from which they originate and thus may receive different classes of inputs at different locations (Briggs and Callaway 2005) ). For the trimming, regrow, and MK801 injection comparison portions of the study, the length of reconstructed dendrites were compared as a means to provide additional control of the conditions. It was found that for all possible age-matched comparisons in terms of the length of reconstructed dendrites, there were no statistical significances found (Student's t-tests, all P's > 0.4; also see Supplementary Tables 1 and 2 ).
Statistical Methods of Analyzing Dendritic Protrusion Density/Morphology
The NeuroExplorer software (Microbrightfield, Inc.) enables detailed analyses of the length and overall dendritic protrusion densities. Owing to the fact that longer dendrites would inevitably yield higher number of observed dendritic protrusions, we decided to focus on the density of protrusions instead of total number of protrusions. Dendritic protrusion density was calculated as the total quantified/classified dendritic protrusions in a neuron (as the numerator) divided by the total length of the reconstructed dendrite (as the denominator). Protrusion density is expressed as the number of dendritic protrusions (spines + filopodia)/ 10 µm dendritic length. The mean, standard deviation, and standard error of the mean were computed for the density of dendritic protrusions in each condition for both layers IV and VI dendrites. As we treated each neuron as an independent case, the independent sample t-tests and analysis of variance, where appropriate, were conducted between the protrusion densities of the control and the manipulated conditions for each respective layer. As a way to quantify and compare changes in dendritic protrusions over time, we obtained the numerical mean at 2 consecutive time points and subtracted them, and divided by the number of days elapsed between the 2 consecutive time points. For this analysis, the highest and lowest data points at each time epoch were eliminated prior to the subtraction in order to prevent significant skewing due to outliers. For each of the morphological categories of dendritic protrusions (filopodia, stubby, mushroom, etc.) , the data are expressed as the percentage (distribution) of the total observed dendritic protrusions at a specific developmental age/experimental condition, by taking the observed number of dendritic protrusions per morphological Note: Statistical significance indicated in bold (Also see Fig. 1E ). Table 1 for results of pair-wise comparison).
class and divided by total number of observed protrusions . Specifically, the percentage of each type of dendritic protrusion type was determined for every neuron and then population means were constructed derived by averaging all the obtained percentage per morphological class in all sampled neurons measurements. We opted to explore the percentage distribution rather than the total number of dendritic protrusions, primarily due to the fact that the length of each dendrite is different. Longer dendrites are more likely to yield overall higher quantities of dendritic protrusions, and it is thereby more appropriate to investigate the percentage rather than the absolutely quantity of dendritic protrusions. Sholl analyses were performed similarly to previously described (Sholl 1956; Chen et al. 2009 , Chen, Tam, et al. 2012 . Unless otherwise noted, the analysis of variance (where appropriate with multiple groups comparisons) was utilized to distinguish the main effect(s), and if statistical significance was found (P < 0.05), an appropriate post hoc test (Fisher LSD or Tukey HSD) was utilized to determine which pairs are significantly different from each other. For the statistically significant pairs, Cohen's d test was also performed to determine the effect size. All statistical analyses were performed using Statistica 8.0 Software (StatSoft.com) on a PC.
Results
The dendrites of cortical excitatory neurons are characterized by their spines and filopodia which we will refer collectively as dendritic protrusions. The Golgi impregnation technique allowed us to clearly visualize various types of dendritic protrusions ( Fig. 1C) based on their morphology (see also Fig. 1D for a schematic drawing based on morphological categorization of dendritic protrusions). We identified each protrusion length from its tip to its base on the parent dendrite. Each morphological class of dendritic protrusions yielded significant differences in terms of length from the distal ending of the protrusion itself to the surface of the parent dendrite ( Fig. 1C , P < 0.05 for all pairs except branched vs. filopodia; Unequal-N HSD test, n = 623 protrusions quantified in 10 neurons from 4 animals). Our data suggested that branched and filopodia type of dendritic protrusions in general have the longest length, followed by mushroom spines and lollipop spines. The stubby (both small and fat) as expected exhibited the shortest distance from the distal ending to the surface of the parent dendrite. We thereby demonstrated that our qualitative assessment method matches our quantitative analyses with regards to the length of dendritic protrusions. It also provides a reliable basis for quantitatively assessing the influence of developmental maturation and the impact of peripheral manipulation (e.g., trimming, blocking NMDARs) on the density and morphological diversity of dendritic protrusions.
Density and Morphological Distribution of Dendritic Protrusions During Development
To explore the normal developmental trajectory of dendritic protrusions, we investigated the density of dendritic protrusions and the distribution of different morphological categories at several developmental time stages: P15, P30, P60, P100, and P130 in the basilar dendrites of both layers IV and VI of the barrel cortex ( Fig. 2A ), for these 2 layers are the main recipient layers of lemniscal thalamocortical afferents. It was found that from P15, which exhibited the highest protrusion density, there is a significant and steady decline of dendritic protrusion density in both layers IV and VI [Layer IV: Between-groups ANOVA: F 4,81 = 34.392, P < 0.001; Layer VI: Between-groups ANOVA: F 4, 74 = 46.887, P < 0.001]. Post hoc comparisons (Fisher LSD) revealed that for both layers, this trend of decrease in dendritic protrusion density across development is statistically significant (P < 0.05), with the exception of P100 versus P130 where it yielded a nonsignificant result (P = 0.13 for layer IV and P = 0.08 for layer VI). Sholl analyses (Fig. 2B ,C) of dendritic protrusion density at these different developmental stages confirmed our initial overall density data, which P15 exhibited the highest density, followed by 30, 60, 100, and 130, respectively [mixed-model ANOVA (age × distance from soma); post hoc: Tukey HSD, significant at P < 0.05].
Overall, it was observed that for both layers IV and VI, this agedependent effect on protrusion densities are more pronounced in the intermediate segments (∼30-80 µm away from the center of soma) compared with the immediately proximal, or the very distal segments of the basilar dendrites. Consistent with previously published findings in other layers (Yang et al. 2009 ), we show that there is a steady net loss of dendritic protrusions from P15 in both layers IV and VI as the animals mature ( Fig. 2A) . We estimated the rate of net loss of dendritic protrusions (see Materials and Methods) across various developmental stages. The data suggested that the highest rate of dendritic protrusion loss happens in the time epoch between P15 and P30. Following this time period, the rate of net loss of protrusions significantly slows down, and the rate of net loss of protrusions differs depending on the cortical layer [Layer IV: Between-groups ANOVA: F 3,63 = 11.50, P < 0.001; Layer VI: Between-groups ANOVA: (3,59), P < 0.001]. It appears that the rate of net loss of dendritic protrusion in layer IV is slowed down earlier compared with layer VI, as post hoc tests revealed the rate of dendritic protrusion loss is significantly decreased in the P31-60 epoch in layer IV (Tukey HSD, P < 0.05), but not in layer VI (P = 0.32). This suggests that, as the animals mature, the rate of net loss of dendritic protrusions is different in these 2 cortical layers, possibly implicating that layers IV and VI mature at 2 distinct rates.
We next investigated the shift in morphological makeup of dendritic protrusions as the animals matured (Fig. 4) . It is evident that the distributions of different morphological classes of dendritic protrusions differed as a function of developmental period. A mixed-model ANOVA ( protrusion type × developmental age) yielded a significant main effect for protrusion type [F 5,450 = 161.00, P < 0.001] and a significant interaction effect [F 20,450 = 27.00, P < 0.001] for layer IV. Similarly, for layer VI, there was a significant main effect for protrusion type [F 5, 380 = 147.41, P < 0.001] and a significant interaction effect [F 20,380 = 17.14, P < 0.001]; thus, the distribution of morphological classes of dendritic protrusions varies over time as the animals mature into adulthood.
To pinpoint morphological alterations of dendritic protrusions over the animals' lifespan, we examined each class of dendritic protrusions as a function of the animal's age. Upon more detailed inspection (using Tukey HSD as a means of post hoc) in layer IV, the branched type did not vary significantly across developmental ages (P > 0.4 for all comparisons). Layer IV filopodia showed an inverted-U trend, in which there were significant elevation in P30 compared with P15 (P < 0.001), followed by a brief plateau at P60, and dropping in the total percentage at P100 and P130 (P60 vs. P100 and P130, P < 0.001; P100 vs. P130, P > 0.5). Layer IV small stubby protrusions showed a dramatic decrease in its distribution as the animal matured (P < 0.001 for all pairs except P100 vs. P130 where P > 0.05). Both layer IV thick stubby and lollipop spines, by contrast, showed no changes in their distributions as the animals matured (P > 0.7 for all pairs). The layer IV mushroom spines start showing increased distribution from P60 all the way until P130 (P's < 0.01), but not before P60 (P15 vs. P30, P > 0.9). Overall, the relative distribution of dendritic protrusions fluctuates based on animals' development, with mushrooms increasing, the lollipop and fat stubby remaining relatively stable, and the small stubby protrusions and filopodia steadily decreasing throughout the animals' lifespan.
The change of dendritic protrusion morphology in layer VI is quite similar to that of layer IV, with minute differences. As in layer IV, branched protrusions showed no significant change in the distribution across developmental ages (P > 0.4 for all pairs) in layer VI. Filopodia in layer VI also showed an inverted-U trend similar to layer IV, but this elevation in distribution does not start until the second postnatal month (P60, P < 0.001; Tukey HSD), followed by a quick drop in the percentage of distribution within total dendritic protrusions by P100 (P < 0.001). The reduction of small stubby protrusions, although steady, does not significantly drop until P30 to P60 (P15 vs. P30, P > 0.05), but there is a dramatic drop from P15 to P60, as well as P30 to P60 (P's < 0.001) and this decrease of small stubby protrusions continues throughout P130 (P's < 0.05 for all). Fat stubby spines remains comparable across age until between P100 and P130, where there is a slight but significant increase (P < 0.05). The lollipop spines, as was the case in layer IV, remain constant throughout the animals' developmental life (P > 0.4 for all pairs; Tukey HSD). Lastly, the increase in the percentage of mushroom spines in layer VI is similar to that of layer IV, as the increased addition starts from P60 all the way until P130 (P < 0.01 for all comparisons), but not before P60 (P15 vs. P30, P30 vs. P60, P's > 0.05). Our data are in line with previous findings (Dumitriu et al. 2010) which demonstrated that as the animals mature, there is a significant redistribution in the morphologies of dendritic protrusions, and this shift is dominated by a significant increase of mushroom types as the animals become older. This supports the hypothesis that the roles of mushroom-type spines are more mature compared with other classes of spines, and thus are likely to be the "memory storage sites" of neurons as the animals go through various life time experiences (see Holtmaat and Svoboda 2009; Xu et al. 2009; Yang et al. 2009; Fu et al. 2012 ).
Layer-Specific and Age-Dependent Effect of Whisker Trimming and Sensory Restoration on Density and Morphology of Dendritic Protrusions
Effect of Trimming from P0 to P30 on Dendritic Protrusions Profile Sensory experience plays a critical role in driving the maturation processes of the developing cerebral cortex (see Feldman and Brecht 2005) . We thus explored whether depriving somatic sensation via whisker trimming would have a significant impact on the dendritic protrusions of the pyramidal neurons in the thalamocortical afferent layers (IV and VI). We focused only on the basilar dendrites of the layer IV and VI pyramidal neurons due to the fact that apical dendrites traverse outside of their home layers, and it has been previously demonstrated that the impact of sensory deprivation on apical dendritic protrusions is dependent on which cortical lamina of the segment of the dendrite is located (Oray et al. 2004; Briner et al. 2010) . We found that chronic sensory deprivation by both methods of unilateral (investigating the contralateral barrel field from the trimmed mystacial pad) and bilateral trimming from P0 to P30 yielded significantly higher density of dendritic protrusions in the basilar dendrites of layer IV pyramidal neurons (Fig. 5A) [Between-groups ANOVA, F 2,52 = 4.46, P < 0.05, Cohen's d = 0.83; control n = 25 neurons from 5 animals, unilateral trim: n = 14 from 5 animals, bilateral trim: n = 16 from 5 animals]. Post hoc analysis (Tukey HSD for all of the post hoc pair-wise comparisons mentioned in this section) revealed that this elevated density in both whisker-trimmed conditions, while not significantly different from one another (P > 0.8), are both significantly higher than their P30 control counterpart (P's < 0.05). While there were no significant shifts in the distribution seen in filopodia, fat stubby, and mushrooms as a function of whisker trimming, the branched, small stubby, and lollipop spines showed significant shifts as a result of chronic sensory deprivation (P's < 0.05). The most apparent alterations are observed in the significant drop of small stubby spines and elevated lollipop spines in their distribution within total dendritic protrusions following whisker trimming, and depending on the method of trimming (unilateral vs. bilateral), the magnitude of the distribution shift varies (see Fig. 5B ).
The effect of chronic sensory deprivation from birth to P30 on the density of dendritic protrusion in layer VI pyramidal neurons were opposite of what was observed in layer IV (Fig. 5C ), in which there was a significant reduction of density when we compared bilaterally trimmed versus P30 controls [t (43) = 3.76, P < 0.001, Cohen's d = 1.13; control n = 22 neurons from 5 animals, bilateral trim: n = 23 from 5 animals]. Similar to layer IV, the distributional shift in layer VI dendritic protrusion morphology following bilateral trimming is evident as well ( Fig. 5D) . Specifically, we observed a significant increase in the proportion of branched, filopodia, and lollipop spines (P's < 0.03 for all), while the distribution of small stubby and mushroom spines were significantly reduced following bilateral trimming from birth to P30 (P's < 0.01 for all). The fat stubby spines, similar to layer IV, following trimming did not show statistical significance when compared with the P30 control counterparts.
Restoring Sensation via Whisker Regrow From P31 to P60 Provides Partial Recovery of Dendritic Protrusion Profile Depending on Cortical Layer Next, we allowed the whiskers to grow back to their full length for 1 month following P0-30 trimming, and compared the dendritic protrusion parameters in the P60 control against the P60 whisker-regrow animals. The findings indicated that while the density of dendritic protrusions of layer IV neurons remained elevated [t (30) = −2.56, P < 0.03, Cohen's d = 0.91; control n = 19 neurons from 4 animals, whisker-regrow: n = 13 from 4 animals] (Fig. 6A) , the density of dendritic protrusions in layer VI returned to comparable levels with those of P60 control animals [t (29) = 0.35, P > 0.7; control n = 17 neurons from 4 animals, whisker-regrow: n = 14 from 4 animals] (Fig. 6C) . In exploring the distributional shift in dendritic protrusion morphology following sensory restoration (P60 control vs. P60 regrow), we observed that in layer IV, the pattern stayed identical to that of P30 control versus P30 bilateral trimmed: branched and lollipop spines remained higher while the small stubby spines remained lower in the whisker-regrow condition when compared with the control P60 s (P's < 0.05 for all), with no statistical significance reached for filopodia, fat stubby, and mushroom spines, similar to P30 control versus P30 bilateral trimmed in layer IV neurons. In layer VI, even though the density showed a return to comparable levels with that of P60 control animals, the impact of earlier sensory deprivation lingered for most morphological classes of dendritic protrusions, with the direction of the significance staying identical for all classes (P's < 0.05 for all) with the exception of filopodia (P > 0.05). The distribution of filopodia returned to comparable level with that of P60 following whisker-regrow, and the fat stubby spines remained unaffected, like previously observed in P30 control versus trimmed condition (P's > 0.05). It may seem that layer VI in terms of the density of dendritic protrusions, is more malleable and responsive to postdeprivation Following chronic deprivation from P0 to P30, the density of dendritic protrusion in layer VI is lower compared with the control counterparts. (D) Same as (C) but in layer VI. Data are presented as mean ± 1 SEM. *P < 0.05, **P < 0.01, ***P < 0.001. experiences compared with layer IV. The effect of deprivation from birth on the morphology of dendritic protrusions, however, lingered in both layers IV and VI even after the sensation was restored, thus suggesting the long-lasting impact of depriving sensation in early developmental period has on the animal throughout their lifespan.
Effect of Trimming on Adult Animals, P100-130
It has been previously demonstrated that chronic sensory deprivation in adult animals can lead to an elevated density of dendritic spines in layer V pyramidal neurons in the sensory cortices (Zuo, Yang, et al. 2005; Hofer et al. 2009 ). However, the effect of adult sensory deprivation on the spines located in thalamocortical layers remains unknown, and thus we examined the repercussion of chronic sensory deprivation on the density and morphology of dendritic protrusions. It was found in adult animals that were deprived of sensation (whisker trimmed bilaterally from P100 to P130), and that their layer IV dendritic protrusion densities were significantly elevated compared with age-matched P130 control group (Fig. 7A) [t (28) = 2.23, P < 0.05, Cohen's d = 0.81; control: n = 15 neurons from 7 animals, bilateral trim: n = 15 from 6 animals]. In terms of the morphology of dendritic protrusions (Fig. 7C) , layer IV dendrites in the adult deprived condition showed a significantly higher percentage of lollipop spines but a lower percentage of small stubby and mushroom spines when compared with their P130 control counterparts (P's < 0.05). Branched, filopodia, and fat stubby dendritic protrusions in layer IV were not dramatically influenced as a result of chronic sensory deprivation in adult animals (P's > 0.05 for all). These results are similar compared with P0-P30 trimmed animals, in which both P100-P130 and P0-P30 trimmed animals showed lower small stubby and higher lollipop spines distributions compared with their control counterparts. The only difference is that the adult trimmed animals exhibited a statistically significant reduction in the distribution of mushroom spines, which was trending similarly in the P0-P30 bilaterally trimmed animals but did not reach statistical significance. This might be due to the fact that mushroom spines are much more abundant in P130 compared with P30 and, hence, the effect can be more readily detected statistically.
In layer VI, chronic sensory deprivation in adult animals did not lead to a significant change in the overall density of dendritic Figure 6 . Layer-specific response of dendritic protrusions in barrel cortex following a period (P31-60) of sensory restoration. (A) Following a period of sensation recovery (P31-60 in P0-30 previously trimmed mice), the density of dendritic protrusions in layer IV barrel cortical neurons remained significantly elevated compared with P60 control groups. (B) Prior sensory deprivation from P0 to P30 resulted in a long-lasting repercussion in terms of the distributional shift in the proportion of morphological classes. The pattern of statistical significance remained similar to that of P30 control versus P0-30 trimmed, suggesting that prior deprivation experience lingered until P60, even following sensory restoration period of 1 month. (C) However, the densities of dendritic protrusions in layer VI returned to control levels following sensory restoration. (C and D) Same as 6B but in layer VI. Note the similarity of data pattern compared with 5D. Data are presented as mean ± 1 SEM. *P < 0.05, **P < 0.01, ***P < 0.001. protrusions (Fig. 7C) [t (27) = 0.86, P > 0.3; control: n = 15 neurons from 7 animals, bilateral trim: n = 14 from 6 animals]. Even though the density of dendritic protrusions did not differ significantly, there were still some subtle alterations in the morphological makeup of these dendritic protrusions, mainly in the significantly lower percentage of small stubby and mushroom spines, and the elevated percentage of lollipop spines in the P130 trimmed group when compared with their age-matched counterpart (P's < 0.05 for all pairs). The branched, filopodia, and fat stubby types of dendritic protrusions did not show statistical indications of being different (P's > 0.05). Taken together, the more robust effects of adult sensory deprivation in layer IV may be reflective of the relative importance of thalamic input in driving the activity in that layer IV compared with layer VI.
The Effect of Chronically Blocking NMDAR Transmission on Density and Morphology of Dendritic Protrusions
It has been previously shown that interfering with the transmission of NMDARs leads to alterations of spine dynamics in the apical dendrite of layer V pyramidal neurons (Zuo, Yang et al. 2005 ) and increased spine density in layer IV spiny stellate cells (Datwani et al. 2002) , but the full spectrum of the role of NMDAR has on layer IV and VI pyramidal neurons remains unexplored, particularly on dendritic protrusions. We observed that following chronic intraperitoneal administration of the NMDAR antagonist MK801 from birth to P30, both the basilar dendrites of layer IV and VI pyramidal exhibited significantly higher overall densities of dendritic protrusions (Fig. 8A,C) [Layer IV: t (40) = 6.60, P < 0.001, Cohen's d = 2.03; control n = 25 neurons from 5 animals, MK801 n = 17 from 3 animals. Layer VI: t (38) = 2.73, P < 0.01, Cohen's d = 0.85; control n = 22 neurons from 5 animals, MK801 n = 18 from 3 animals]. There was also a significant impact of chronically blocking NMDAR on the morphology of dendritic protrusions which was also evident (Fig. 8B,D) , as both layers IV and VI branched and filopodia showed significant increases in their overall percentage of distribution, while the small stubby protrusions showed a significant decrease (P's < 0.05). The fat stubbies remained unchanged for both layers (P's > 0.3). While the lollipop and mushroom spines did not vary significantly in Figure 7 . Effect of sensory deprivation from P100 to P130 on dendritic protrusions. The response to sensory deprivation in mature animals results in layer-specific responses. (A) Chronic sensory deprivation via whisker trimming in mature animals leads to elevated density of dendritic protrusions in layer IV. (B) Chronic sensory deprivation from P100 to P130 resulted in a distributional change in the morphology of dendritic protrusions in layer IV. The small stubby and mushroom spines significantly decreased, while the proportion of lollipop spines increased. The other types of dendritic protrusions remained comparable following adult trimming. (C) Chronic sensory deprivation in adults, however, did not significantly influence the density of dendritic protrusions in layer VI. (D) Despite little influence on spine density, adult chronic trimming was still able to influence subtle aspects of spine morphologies. Data are presented as mean ± 1 SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
layer IV (P's > 0.5), in layer VI there was a significantly higher percentage of the lollipop spines and lower percentage of mushroom spines (P's < 0.05).
Comparing the P0-P30 MK801-injected group with the bilaterally trimmed group in terms of dendritic protrusion density, it was found that in both layers IV and VI, the MK801-injected group had a dramatically higher density of dendritic protrusions compared with the bilaterally trimmed group (P's < 0.05). Our data also suggest that blocking NMDAR transmission is associated with the decrease of small stubby protrusions and increase of branched dendritic protrusions similarly seen in P0-P30 trimming. However, it does not readily explain the significant increase of lollipop spines observed in the deprived animals in both layers IV and VI, as chronically injecting MK801 failed to reproduce this type of data pattern.
Next, we withdrew the MK801 (no injections) from P31 to P60 in the previously 1-month (P0-30) MK801-injected mice, and compared these animals with P60 control animals (Fig. 9) . We found that, in both layers IV and VI, the density of dendritic protrusions returned to comparable levels to the control group [Layer IV: t (29) = 0.82, P > 0.42; control n = 19 neurons from 4 animals, Drug withdraw n = 12 from 3 animals. Layer VI: t (28) = 1.4, P > 0.15, control n = 17 neurons from 4 animals, Drug withdraw n = 13 from 3 animals]. In the morphological distribution of dendritic protrusions in layer IV pyramidal neurons, the branched and filopodia, returned to comparable levels with that of controls (P's > 0.05), and it was observed that there was a significant increase in the distribution of mushroom spines (P < 0.001). Within layer VI, the distribution of branched, filopodia, and mushroom spines returned to comparable levels (P's > 0.05), while there was a significant increase of the small stubby and a decrease of the lollipop spines (P's < 0.05). Overall, unblocking the activity of previously perturbed NMDAR activity returns to the protrusion densities to comparable levels with that of the control animals, although there are still subtle changes in the morphological makeup of the dendritic protrusions.
Last, to further clarify the relationship between chronic sensory deprivation from birth and subsequent sensory restoration, as well as chronic blocking of NMDA-R from birth and subsequent MK801 withdrawal, we selected the P30 and P60 age-matched data on dendritic protrusion density, and performed a between-groups factorial ANOVA [age (2 levels; P30 and P60) × types of treatment (3 levels; Control, Sensory Figure 8 . Effect of chronically blocking NMDAR (from P0 to P30) on layers IV and VI dendritic protrusions. (A and C) Chronically administering MK801 (a NMDAR noncompetitive blocker) from birth to P30 resulted in significant elevation of dendritic protrusions in layers IV and VI, respectively. (B and D) Chronically blocking NMDAR from birth to P30 resulted in notable distributional change in the morphology of dendritic protrusions. In layer IV, the MK801-injected group showed significantly higher distributions of branched and filopodia, and lower distributions of small stubby type of protrusions. In layer VI, the MK801-injected group showed significantly higher distributions of branched, lollipop, and filopodia, with a paralleling decrease in the mushroom and small stubby type of dendritic protrusions. Data are presented as mean ± 1 SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
Deprivation, MK-801 injected)], followed by pair-wise post hoc tests for all possible pairs (Fig. 10A,B) . The data indicated that for layers IV and VI, both developmental age and types of treatment are prominent factors which influence dendritic protrusion density [Layer IV age: F 1,104 = 23.695, P < 0.001; Layer VI age: F 1, 101 = 14.42, P < 0.001; Layer IV treatment: F 2,104 = 9.240, P < 0.001; Layer VI treatment: F 2,101 = 13.15, P < 0.001.], and these 2 factors significantly interact with one another for layer IV [F 2,104 = 13.052, P < 0.001] and approaches statistical significance for layer VI [F 2,101 = 2.76, P = 0.067]. When comparing the density of dendritic protrusions in P30 versus P60 across various types of treatment, post hoc analyses (Fisher LSD) revealed that there is a significant density decrease in layer IV (P < 0.05), but not in layer VI (P > 0.05). In the MK801 treatment conditions, MK801 withdrawal mice (P60) displayed significantly lower protrusion density compared with MK801-injected (P30) mice (both layer IV and VI; P's < 0.01). With regards to the trimmed conditions, the density of whisker-regrow group (P0-30 trim, P31-60 regrow) versus P0-30 bilateral trimmed group showed no difference (P = 0.94, layer IV; P = 0.77, layer VI. (For statistical significance of all possible pair-wise tests, please refer to Table 3 ).
Discussion
We provide structural evidence that cortical pyramidal neurons respond in a layer-specific manner to the same peripheral manipulation, and the same manipulation (i.e., chronic sensory deprivation) yields different results depending on the age of the animals investigated. We have also provided pharmacological evidence that perturbing the sensory system during developmental critical period by chronically blocking NMDAR transmission can also leads to density as well as morphological alterations of dendritic protrusions. Exploring the effects of sensory system disruption in various developmental ages and subsequently analyzing dendritic protrusion density and morphology builds the foundation in describing sensory experience-dependent synaptic plasticity and the rearrangement of cortical circuitry in the cerebral cortex. Figure 9 . Unblocking NMDAR activity from P31 to P60 results in partial recovery of dendritic protrusion phenotype. (A) The density of dendritic protrusions, upon withdrawing MK801 from P31 to P60 after P0-30 NMDAR blocking, returned to comparable levels compared with age-matched P60 control in layer IV. (B) The distributional change in the morphology of dendritic protrusions in layers IV. The branched and filopodia type of dendritic protrusions returned to comparable levels after withdrawing MK801, while the distribution of stubby spines remained lower, with possible compensatory increase in the mushroom spines. (C) Same as 9A but in layer VI. (D) Distribution of protrusion classes in layer VI. The branched, filopodia, and mushroom dendritic protrusions returned to comparable with that of P60 control group, while the distribution of small stubby and lollipop spines showed compensated increase and decrease, respectively. Data are presented as mean ± 1 SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
Dendritic Protrusion Density Decreases as a Function of Normal Development in Layer IV and VI
Our data from layers IV and VI are consistent with previously published studies describing dendritic protrusions from layer V pyramidal neurons (Zuo, Lin, et al. 2005; Yang et al. 2009 ). Similar to layer V apical dendrites, pyramidal neurons in both layers IV and VI experience a net loss of protrusions as the animals mature into adulthood. Consistent with these previously published studies, we showed that initially there was a sharp loss of protrusion densities from P15 to 30, and as the animals become more mature, the rate of net dendritic protrusion loss decelerates. This sharp net loss of dendritic protrusion density might be correlated with the onset of whisking in mice (see Prescott et al. 2011) . As the animals increase the functional use of their whiskers, thereby increasing the neuronal activities in the barrel cortex, the onset of activity-dependent spine pruning also starts. We demonstrate that this rate of net protrusion loss is slightly different depending on the cortical layer. As described previously (Rausch and Scheich 1982; Zuo, Lin, et al. 2005; Yang et al. 2009 ), this age-dependent net loss of dendritic protrusions is likely an indication of activity-dependent synaptic refinement during the developmental critical period, a likely sign of cortical maturation. Our results are consistent with these findings as we saw a sharp decrease in the protrusion density in both layers from P15 to P30, followed by less rapid rate of protrusion loss thereafter. Similarly, our finding that there is a shift in the morphology of the dendritic protrusions is consistent with a previous report (Dumitriu et al. 2010) ; the most noticeable is the significant decrease of the small stubby protrusions and a significant increase of the mushroom spines as the animals matured.
Response of Dendritic Protrusions to Perturbation of Sensory Input is Age and Cortical Layer-Specific
Previous studies have demonstrated that monocular deprivation leads to increased spine density in apical dendrites of layer V pyramidal neurons, but not in layer II/III neurons (Mataga et al. 2004; Hofer et al. 2009 ). In our study, the significantly higher density of dendritic protrusions in sensory-deprived layer IV pyramidal neurons may indicate an increase in the number of excitatory synapses. Our results provide a possible structural basis as to why cells show increased excitability under a sensory-deprived condition during the critical period, consistent with previously published data from in vivo recordings (Simons and Land 1987; Shoykhet et al. 2005; Lee et al. 2007 ). Higher dendritic protrusion density is likely correlated with increased excitatory inputs onto these cells. Although our data do not directly provide a mechanism for this increased density of dendritic protrusions, it may result from decreased spine elimination as suggested previously on layer V apical dendrites (Zuo, Yang, et al. 2005) , or increased spine formation similarly to monocular deprivation (Hofer et al. 2009 ). Even though bilateral and unilateral trimming both resulted in higher protrusion density in layer IV, it affects the relative distribution of protrusion subtypes differentially. With the methods used in the current manuscript, it is difficult to specifically pinpoint why bilateral versus unilateral trimming induced slightly different changes on spine morphology distributions. The more dramatic impact of bilateral trimming may be due to the much greater loss of afferent drive as opposed to when the ipsilateral whiskers remained, there is some impact of the callosal input on layer IV activity. This may be related to the finding that unilateral versus bilateral trimming does not evoke the same physiological responses (Popescu and Ebner 2010) , perhaps due to the differences in collaosal inputs in the unilateral versus bilaterally trimmed mice.
Unexpectedly, there was a concomitant decrease in spine density in layer VI pyramidal neuronal dendrites. Why these neurons respond to whisker trimming by decreasing their protrusion densities is unclear, as the current literature on sensorydeprived manipulations that investigate layer VI neurons is limited. One possibility may be the significantly increased Figure 10 . Summary graph on dendritic protrusion density in various groups mentioned in the present paper. Various condition groups in layer IV (A) and layer VI (B), respectively (also see Table 3 for results of pair-wise comparison). Data are expressed in density of dendritic protrusions (# protrusions/10-µm dendritic length). Layer IV normal font; Layer VI: italics. Statistical significance indicated in bold (also see Fig. 10A ,B).
length of basilar dendrites in layer VI pyramidal neurons in response to an identical deprivation paradigm (Chen, Tam, et al. 2012) , thus making the dendritic protrusions more sparsely located from one another. Another possibility of this lowered level of protrusion densities might be due to the reduced axonal branches originating from layer II/III (Bruno et al. 2009 ) and the thalamus (Wimmer et al. 2010) ; which may result in a decrease in the overall number of excitatory inputs to layer VI. Lastly, our previous work has identified a variety of excitatory neurons within cortical layer VI ). It should be kept in mind that since we selectively sampled basilar dendrites that are over 100 µm in length, we might be sampling a more homogeneous grouping of the larger pyramidal neurons in layer VI (i.e., Groups 1 and 3 in Chen et al. 2009 ). Taken together, these findings indicate that there are laminar differences in how sensory input is processed and thus leads to cortical layer-specific alterations in response to changes in the sensory experience during the developmental critical period. It has been suggested in the cortex that morphological structure of postsynaptic dendritic protrusions might be correlated to the origin of their presynaptic inputs. Specifically, it was demonstrated that thalamocortical axons (TCA) axons are more likely to synapse onto "short stubby" spines and less likely to synapse onto spines with a distinctive spine head (Richardson et al. 2009 ). Similarly, converging evidences from tract-tracing, immunohistochemical, and electron microscopic studies have suggested similar findings that TCA-associated postsynaptic spines are generally larger than non-TCA spines, exhibiting greater synaptic terminal area and length (Kharazia and Weinberg 1994; Nahmani and Erisir 2005) . In addition, findings from tract-tracing studies have suggested that following chronic sensory deprivation, there is significant decrease in the lemniscal TCA axons originating from VPm of thalamus (Bruno et al. 2009; Wimmer et al. 2010) , resulting in a shift of thalamocortical/cortico-cortical connection ratios. Our data have provided additional evidence on the postsynaptic side in the cortical TCA recipient layers, that this shift in thalamocortical/cortico-cortical connection following chronic sensory deprivation is observed in a structural shift of dendritic protrusions. Following chronic sensory deprivation for a month, there is considerable reduction of the proportion of stubby spines and higher proportion of lollipop spines in both layers IV and VI. It is possible that the proportional reduction of small stubby spines following chronic deprivation is due to reduction of TCA innervations, whereas the proportional increase of lollipop spines is most likely due to the relatively higher ratio of cortico-cortical connections. This might have occurred as a compensatory mechanism for the balance of postsynaptic input and intrinsic neuronal activity.
Our data suggest that 1 month of whisker regrow maintained the elevation of dendritic protrusion density in layer IV pyramidal basilar dendrites but resulted in a returning of the comparable level of density in layer VI. These discrepant results may be due to the fact that layer IV of the barrel cortex is tightly organized into discrete functional columns, as opposed to layer VI which is more continuous. Additionally, layer IV receives much more homogeneous input (e.g., thalamus) compared with layer VI (e.g., primary motor cortex, secondary somatosensory cortex, thalamus, contralateral barrel cortex, and various intracortical layers), thereby suggesting that thalamocortical input only accounts for a small partition of the overall excitatory drive into layer VI and thus the remaining inputs can more easily overcome the loss of previous whiskerrelated sensations. Even though the trimming process was discontinued at P30, vibrissa take time to grow back, hence the sensation on the mystacial pad is gradually reintroduced, as opposed to in other modalities and paradigms of sensory deprivation and recovery (i.e., unsuturing of eyelid), which is rather rapid thus if we had investigated a later time point (e.g., >60 days sensory restoration), more dramatic effects of recovery of spine phenotype may have been observed.
It has been previously demonstrated that the cellular environmental substrates such as the extracellular matrix protein aggrecan do not return to normal level in layer IV following 1 month of sensory restoration after the initial deprivation during the critical period (McRae et al. 2007 ). Our current findings in layer IV are similar in that allowing the whiskers to regrow did not regain the control phenotype of dendritic protrusions in layer IV. It may be instructive for future researches to focus on the effect of chronic sensory deprivation on the different layers of the cerebral cortex to fully unravel the molecular substrates involved in the plasticity in layer VI, even following the passing of the critical period.
Many lines of studies have investigated the effect of sensory deprivation in cortical layers outside of the main thalamocoritical recipient zones, such as layers II/III and V Stern et al. 2001; Maravall et al. 2004; Mataga et al. 2004; Oray et al. 2004; Zuo, Yang, et al. 2005; Holtmaat et al. 2006; Drew and Feldmen 2009; Hofer et al. 2009; Yang et al. 2009; Yu et al. 2013) . It has been pointed out that spine dynamics and response to sensory deprivation is cell-type and cortical layer-specific (Holtmaat et al. 2006; Hofer et al. 2009) in in vivo imaging studies, and converging data from in vivo electrophysiological recording have proposed similar ideas (Lee et al. 2007) . Furthermore, it is worth noting that sensory deprivation has profound physiological effect on local circuitry of layer II/III (Bender et al. 2006; Shao et al. 2013) , where weakening of the synapse that resembles long-term depression following sensory deprivation is observed. It would be particularly instructive for future studies to focus on the changes in spine density and morphology in response to sensory deprivation in these cortical layers that are outside of the main thalamocortical recipient zones.
Activity of NMDARs in Barrel Cortex Greatly Influences Dendritic Protrusion Density and Morphology
Administration of the NMDAR antagonist MK801 during the critical period resulted in an increase in dendritic spine density in both layer IV and layer VI dendrites. The NMDA receptor is a nonspecific cation channel and is expressed on the surface of dendritic spines (Ngo-Anh et al. 2005) at the sites of excitatory synaptic input. Detailed electron microscopy analyses at the ultrastructural level have implicated the importance of NMDAR in glutamate transmission occurring at dendritic spines (Racca et al. 2000) . Activity-dependent regulation of synapses requires activation of NMDARs (Malenka and Nicoll 1993; Fox et al. 1996; Huang and Pallas 2001) and changes in sensory experience result in the rearrangement of synapses in the somatosensory cortex (Trachtenberg et al. 2002) . Furthermore, it was shown that chronic blockade of the NMDAR decreased the rate of spine elimination (Zuo, Yang, et al. 2005 ) similarly seen in chronically sensory-deprived barrel cortex, and therefore leads to significantly more numerous dendritic spines overall in the apical dendrites (at the pial surface) that originates from layer V pyramidal neurons. Similarly, in our study, we showed that chronic administration of MK801 leads to elevated density of dendritic protrusions in both layers IV and VI basilar dendrites. It is possible that the stunted rate of spine elimination may have resulted in the elevated density that we observed in these 2 thalamocortical recipient layers. In addition, due to the overall high mortality rate of MK801-administered animals (see Materials and Methods), it is unclear whether or not the survived animals exhibited some unique characteristics in which have allowed them to survive, and whether or not these unique characteristics would have affected the development of their barrel cortex in any way. Also, due to the systemic nature of the MK801 injection, it is possible that there are other nonspecific effects that may also affect dendritic protrusion density.
Withdrawal of MK801 for 1 month and subsequent analysis of dendritic protrusions in layer IV showed a significant decrease in protrusion density from MK801-injected P30 animals (Fig. 9) . As the activation of NMDAR is involved in spine elimination, then this decrease in density may be explained by increase of spine elimination in MK801 withdrew mice (Zuo, Yang, et al. 2005) . Similarly, withdrawal of the MK801 also caused the layer IV protrusion density for layer VI to return to comparable levels compared with their age-matched controls. Thus, we have shown that the activity of NMDARs is directly involved in the remodeling of dendritic protrusions, and this effect seems to affect both thalamocortical recipient layers in barrel cortex. Other synaptic mechanisms such as metabotropic glutamate receptors, serotonin expression, cell-adhesion molecule dynamics, brain-derived neurotrophic factors have been shown to play a role as facilitators of dendritic plasticity in the cerebral cortex (Washbourne et al. 2004; Maya Vetencourt et al. 2008; Wijetunge et al. 2008) , but are beyond the scope of the present study. NMDARs are by far the most understood, and most studied molecular mechanism responsible for synaptic remodeling and plasticity in the brain. Furthermore, our findings indicated that the elevation of dendritic spine density following sensory deprivation is similar to the elevation of dendritic density following chronic blockade of NMDARs. However, this is only true for layer IV but not layer VI. One possibility to explain the differential results seen in layers IV and VI may be due to the fact that the NMDAR is composed of multiple subunits and perhaps different subunits predominate in these 2 cortical layers and respond differentially to changes in afferent activity (Corson et al. 2009 ). It may be particularly rewarding for future studies to investigate whether sensory deprivation induced changes in dendritic protrusions are directly mediated by the activity of NMDARs, and how cortical layer-specific expression of a variety of bioactive molecules that interacts with NMDARs may contribute to the results seen in the present study.
Methodological Considerations
Golgi staining has been compared with intracellular staining of neurons, and was found to slightly underestimate the density of dendritic protrusions in hippocampal neurons (Ruan et al. 2009 ). Owing to the resolution of the light microscope that we are using, it is possible that we deviated in estimating the true density and/or the morphological distributions of the dendritic protrusions, since protrusions projecting vertically up or down relative to the objective could be occluded by the dendritic shaft. It is possible due to the resolution of the light microscope (0.2 μm in the horizontal plane and 0.9 μm in the vertical plane) that we misassigned the morphological categories of dendritic protrusions, but such errors (if any) would be still consistent across experimental conditions and independent of protrusion morphology. There are many studies that have categorized spine morphologies based on the available resolutions of light microscopy (Comery et al. 1997; Irwin et al. 2000; Richardson et al. 2009; Dumitriu et al. 2010; Chen, Tam, et al. 2012; González-Burgos et al. 2012; Ferreira et al. 2013; Yu et al. 2013) , possibly with each research group having slightly different criteria for each morphological class, due to the heterogeneous nature of the shape of dendritic protrusions. It is conceivable what we considered as mushroom spines would be considered as lollipop spines in another research group, and vice versa. However, such bias should also be consistent across all our developmental and experimental conditions and independent of protrusion morphology.
Owing to histological limitations, we could not reliably investigate any developmental time points prior to P15, as the labeling of the neurons was incomplete, preventing us from visualizing dendritic protrusions reliably, a phenomenon observed similarly in previously published findings using the same technique (Furtak et al. 2007) . Work from primate cortices have demonstrated that the density of dendritic protrusions follows an inverted-U shape, in which, at the beginning of the postnatal development, there is a rapid net increase of dendritic spines, presumably when the process of spinogenesis overshadows spine pruning. In nonhuman primates (Rakic et al. 1986 ) and humans (Huttenlocher 1979; Huttenlocher and Dabholkar 1997) , synapse numbers increase significantly for a period of time after birth before undergoing a period of elimination to achieve their adult levels before declining again in old age in nonhuman primates (Dumitriu et al. 2010 ) and humans (Anderson and Rutledge 1996) . This peak spinogenesis is followed by a significant period of developmental spine pruning, in which decreased spine density is observed across a variety of species and in various cortical regions (Elston et al. 2009; Yang et al. 2009; Elston et al. 2010) , and seems to be a general rule across mammalian cortices. In the present study, we as others have shown (Leuba 1983; Yang et al. 2009; Orner et al. 2013 ) that dendritic protrusion density decreases significantly throughout the lifespan of the mouse. It is likely that we did not observe the initial developmental spinogenesis seen in primates given that we were unable to reliably label cells before P15.
In conclusion, previous studies have shown that chronic sensory deprivation can raise the neuronal excitability of the neuron (Simons and Land 1987; Lee et al. 2007 ), thereby affecting the sensitivity and precision of whisker-related encoding (Carvell and Simons 1996; Lee et al. 2009 ). Our current study has provided support for a structural correlate of this sensory deprivation induced plasticity in the thalamocortical recipient laminae within the barrel cortex, and demonstrated that this effect is layer-specific, indicating that the different aspects of the neurocircuitry within the same cortical area respond differently to the same sensory manipulation.
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